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ABSTRACT
Context.
Aims. We investigate the vertical gradient of the magnetic field of sunspots in the photospheric layer.
Methods. Independent observations were obtained with the Solar Optical Telescope/Spectropolarimeter (SOT/SP) onboard the Hinode
spacecraft and with the Tenrife Infrared Polarimeter-2 (TIP-2) mounted at the German Vacuum Tower Telescope (VTT). We apply
state-of-the-art inversion techniques to both data sets to retrieve the magnetic field and the corresponding vertical gradient along with
other atmospheric parameters in the solar photosphere.
Results. In the sunspot penumbrae we detected patches of negative vertical gradients of the magnetic field strength, i.e., the magnetic
field strength decreases with optical depth in the photosphere. The negative gradient patches are located in the inner and partly in the
middle penumbrae in both data sets. From the SOT/SP observations we found that the negative gradient patches are restricted mainly to
the deep photospheric layers and are concentrated near the edges of the penumbral filaments. MHD simulations also show negative
gradients in the inner penumbrae, also at the locations of filaments. Both in the observations and simulation negative gradients of the
magnetic field vs. optical depth dominate at some radial distances in the penumbra. The negative gradient with respect to optical depth
in the inner penumbrae persists even after averaging in the azimuthal direction, both in the observations and, to a lesser extent, also
in MHD simulations. If the gradients in the MHD simulations are determined with respect to geometrical height, then the azimuthal
averages are always positive within the sunspot (above log τ = 0), corresponding to magnetic field increasing with depth, as generally
expected.
Conclusions. We interpret the observed localized presence of negative vertical gradient of the magnetic field strength in the observations
as a consequence of stronger field from spines expanding with height and closing above the weaker field inter-spines. The presence of
the negative gradients with respect to optical depth after azimuthal averaging can be explained by two different mechanisms: the high
corrugation of equal optical depth surfaces and the cancellation of polarized signal due to the presence of unresolved opposite polarity
patches in the deeper layers of the penumbra.
Key words. Sun: magnetic field - Sun: activity - Polarimetry
1. Introduction
The vertical gradient of the magnetic field vector in sunspot pho-
tospheres has been studied extensively in the past (for reviews
see, e.g., Solanki 2003; Borrero & Ichimoto 2011). Depending
on the diagnostic tools, a wide range of values from 1.0 to
4.0 G km−1 for the vertical gradient of the magnetic field strength
in sunspot umbrae have been reported (Westendorp Plaza et al.
2001; Mathew et al. 2003; Orozco Suarez et al. 2005; Sa´nchez
Cuberes et al. 2005; Balthasar & Go¨mo¨ry 2008; Borrero &
Ichimoto 2011). Positive values indicate an increase of the mag-
netic field strength with geometrical depth. Studies that display
the vertical field gradient as a function of the normalized radius
of the sunspot also differ significantly. Westendorp Plaza et al.
(2001), Borrero & Ichimoto (2011) and Orozco Suarez et al.
(2005) interpret the observations to say that the sunspot magnetic
field forms canopy-like structures in the middle and outer penum-
brae. In contrast, Mathew et al. (2003); Sa´nchez Cuberes et al.
(2005); Balthasar & Go¨mo¨ry (2008) merely conclude that the
magnetic field increases with depth everywhere in the sunspot.
Tiwari et al. (2015) also do not find evidence for such a canopy-
like structure in the middle and outer penumbra, although they
report on a reversed magnetic field gradient in the inner penum-
bra (i.e. field strength decreasing with depth), and field canopy
starting just outside the sunspot penumbra. Consequently there is
a need to revisit the question of the behavior of the vertical field
gradient in sunspots.
In the present paper we study the radial dependence of the ver-
tical gradient of the magnetic field strength of a sunspot observed
on two different days by Tenerife Infrared Polarimeter-2 (TIP-2;
Collados et al. 2007) mounted at the Vacuum Tower Telescope
(VTT) and of another sunspot observed by the Spectropolarimeter
of the Solar Optical Telescope (SOT/SP; Tsuneta et al. 2008;
Shimizu et al. 2008; Suematsu et al. 2008; Ichimoto et al. 2008).
To retrieve the atmospheric parameters from VTT/TIP-2 data
we carry out inversions of Stokes profiles of the Si i 10827.1 Å
and Ca i 10833.4 Å spectral lines together. We also use spatially
coupled inversions to the Hinode SOT/SP observations (i.e., the
Fe i 6301.5 Å and Fe i 6302.5 Å lines) to determine the vertical
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Table 1. Atmospheric and atomic parameters of the lines used
for inversions of the VTT/TIP-2 data.
Line wavelength [Å] log(g f ) Abundance geff
Si i 10827.1 0.210 7.549 1.5
Ca i 10833.4 0.058 6.360 1.5
field gradients. We compare the results from the different data
sets with each other and with a 3D MHD simulation of a sunspot
by Rempel et al. (2009).
2. VTT/TIP-2 observations and analysis
2.1. Observations
We observed the leading sunspot in the active region
NOAA 11124 on 14 and 16 November, 2010. Spectro-
polarimetric observations were carried out at the VTT/TIP-2.
The spectral domain of the observations ranges from 10825 Å
to 10835 Å and the spectral sampling corresponds to 10 mÅ per
pixel. The diffraction limit of the VTT at 10830 Å is approxi-
mately 0.′′40, but due to moderate seeing conditions the spatial
resolution of our data is reduced to ∼ 1.′′0. Scans of the ∼ 36′′
wide field-of-view (FOV) for full Stokes vector measurements
require ∼ 20 minutes. The step-size for scanning was set to
0.′′36 and the pixel size in the slit direction was 0.′′16. In order
to improve the signal-to-noise ratio we binned four pixels in the
direction of dispersion and two pixels in slit direction. The he-
liocentric coordinates of the centers of the observed FOVs were
(12°N, 10°W, µ = 0.96) on 14 November, 2010 and (14°N, 32°W,
µ = 0.84) on 16 November, 2010.
Panels (a) and (b) of Fig. 1 show the sunspot on 14 and
16 November, 2010, respectively, as observed in the continuum
intensity at 10833 Å . The sunspot shows a light-bridge on 14
November, which disappeared after two days. In general, the
sunspot has grown and matured in these two days, being more
symmetric and simpler on 16 November, 2010.
The collected data have been treated by applying the standard
data reduction steps (Collados 1999, 2003). The continuum level
was corrected using a Fourier Transform Spectrometer (FTS)
spectrum (Livingston & Wallace 1991; Wallace et al. 1993).
2.2. SPINOR inversion of the Si i and Ca i lines
To analyze the photospheric properties of the sunspot’s magnetic
field we apply inversions of Stokes profiles of the Si i 10827.1 Å
and Ca i 10833.4 Å lines to satisfy the radiative transfer equation
(RTE) under the assumption of local thermodynamic equilibrium
(LTE).
The combination of the strong Si i line and the weak Ca i
line puts more constraints on the free parameters in the inversion
process and gives more reliable atmospheres than inversion of
a single-line, especially when investigating the height stratifica-
tion of the atmosphere. The employed line parameters of both
lines are given in Table 1. The abundance of Si and log(g f ) of
the Si i 10827.1 Å line is inferred form Shchukina et al. (2012)
and Shi et al. (2008), respectively. The abundance of Ca is in-
ferred from Grevesse & Sauval (1998). We estimated the value of
log(g f ) for the Ca i 10833.4 Å line by fitting the quiet Sun pro-
file observed with the FTS (Livingston & Wallace 1991; Wallace
et al. 1993) using the HSRASP atmosphere (Chapman 1979). The
Fig. 1. (a) Normalized continuum intensity Ic/Iqsc map of the
observed sunspot in AR NOAA 11124 observed on 14 November,
2010, obtained from VTT/TIP-2 data. Ic denotes the continuum
intensity and Iqsc is the averaged quiet Sun continuum intensity. (b)
Ic/I
qs
c map of the same sunspot observed on 16 November, 2010.
Arrows in both maps indicate the direction to disk center. Solar
north and west directions are marked by arrows in the upper-right
part of panels.
Fig. 2. Averaged quiet Sun spectrum obtained with the VTT/TIP-
2 on 14 November, 2010. ∆λ = λ − λo, where λo = 10830.0 Å.
quiet Sun spectrum obtained by averaging 255 quiet sun pixels
observed on 14 November 2010 is displayed in Fig. 2. To avoid
undue influence of the weak Ti i blend at 10833.66 Å we have
restricted the inversion of the Ca i line to the wavelength range
10833.08 to 10833.52 Å.
Bard & Carlsson (2008) have shown that the line core of
Si i 10827.1 Å is affected by non-local thermodynamic equilib-
rium (NLTE) conditions. They demonstrated that the line core
intensity of Si i 10827.1 Å under NLTE conditions is lower than
the line core intensity under LTE conditions. Kuckein et al. (2012)
studied the affect of neglecting NLTE effects on atmospheric
parameters inferred from inversions. They found that the most
affected parameter is the temperature while the influence on the
magnetic field vectors and velocities are negligible. Since in this
study the temperature stratification is of minor relevance, we use
the simpler LTE approach for our inversions.
2
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Fig. 3. Best fit SPINOR inversions of sample Stokes profiles
observed by VTT/TIP-2: Dotted black curves represent observed
Stokes profiles and solid blue curves represent best fits. The
spatial position of the set of Stokes profiles shown here is marked
by a red plus sign in Fig. 1(b).
Fig. 4. Scatter plots of the magnetic field components obtained
from SPINOR inversions without considering straylight vs. those
with straylight taken into account. The plotted data were obtained
on 14 November, 2010, with VTT/TIP-2. Panels (a), (b), (c) and
(d) show B, ∆B/∆ log τ, γ and φ, respectively. The red line in all
panels represents the linear regression. The correlation coefficient,
r, is shown at the lower right corner of each panel.
To retrieve the atmospheric parameters in the photosphere,
the SPINOR inversion code (Frutiger et al. 1999, 2000; van Noort
2012) was used, which is based on the STOPRO routines (Solanki
1987). The initial model atmosphere consists of a magnetic field
strength, B, which varies linearly with the logarithm to the power
of 10 of the optical depth (log τ). In other words, it is similar to
an atmosphere with two nodes for the magnetic field strength
if the two nodes were the lower most (log τ = 0.0) and upper
most (log τ = −2.3) nodes in our inversion. Hence, the magnetic
field has two degrees of freedom. Three nodes for the line-of-
sight (LOS) velocity, vlos, and the temperature, T , have been
used. The other atmospheric parameters such as inclination of the
magnetic field relative to LOS, γ, its azimuth direction, φ, and the
micro-turbulent velocity, vmic, have been forced to be constant
with height. The three nodes used are at log( τ630) = 0.0,−0.7
and −2.3, where τ630 corresponds to the optical depth at 630 nm1.
Selection of nodes was done by looking at magnetic field response
functions, RFB. Joshi (2014) presented RFB of the Si i and Ca i
lines for an umbral and different penumbral atmospheres inferred
from the MHD simulation of a sunspot by Rempel et al. (2009)
(see Fig. 4.3 and 4.5 of chapter 4 of Joshi 2014). They showed that
these lines have large values of RFB at log τ = −0.7 and −2.3 and
non-zero values at log τ = 0.0. An example of observed Stokes
profiles and best-fit Stokes profiles through SPINOR inversions
is presented in Fig. 3. In general, the match between synthesized
and observed profiles is very good.
2.2.1. Influence of straylight
To examine the effect of straylight on the retrieved magnetic
field vector and on the vertical gradient of B, we fitted the same
atmospheric model with a second atmospheric component, repre-
senting the contribution of global straylight. By global straylight
we mean that the straylight function does not vary spatially in the
observed FOV. It is assumed to originate from the the broad wings
of the point-spread function, typical for seeing-affected ground-
based observations, and therefore resembling the shape of the
averaged quiet Sun Stokes I profile. The straylight contribution
is denoted by α in Eqn. 1:
IO = (1 − α)IL + α IGS . (1)
Here Io is the observed Stokes I, IL represents Stokes I of the
local component and IGS is Stokes I of the straylight component.
α is an additional free parameter in the inversions. We are aware
that this is a simplified approach that neglects that the absolute
amount of straylight might decrease with distance from the quiet
Sun and that in the penumbra polarized straylight, probably, is
important as well. This approach is taken purely for test purposes
since the fits of the synthesized Stokes profiles to the observed
Stokes profiles are very good even without any consideration of
straylight.
A comparison of the obtained magnetic field vectors inferred
with and without straylight is presented in Fig. 4, showing very
good correlation. Among all parameters the vertical gradient
displays the least correlations (86%). Although B is somewhat
underestimated (by 6% in the umbra) when straylight is not
considered, we see negative and positive vertical gradients of
B in both approaches to the inversion. This test suggests that
neglecting straylight does not effect the qualitative structure of
the vertical gradient of the magnetic field in the sunspot, although
there are some quantitative differences. For the analysis presented
in this section we therefore use the parameters retrieved from
inversions neglecting the straylight contribution.
For the Hinode/SOT data the spatial PSF is constant and well
known and therefore the influence of this spatially inhomoge-
1 This reference wavelength for optical depth τ was chosen to be
630 nm throughout this paper, to facilitate comparison with Hinode
SOT/SP observations.
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Fig. 5. Magnetic field vector obtained from the obser-
vations recorded on 14 and 16 November, 2010 with
VTT/TIP-2. First and Second row of panels display
the magnetic vector obtained on 14 and 16 November
2010, respectively. (a)/(e) Magnetic field strength B,
(b)/(f) gradient of the magnetic field strength with
respect to log τ, (∆B/∆ log τ)0.0,−2.3, (c)/(g) inclina-
tion angle, γ′, of the magnetic field vector and (d)/(h)
azimuth direction, φ′, of the magnetic field vector.
Both γ′ and φ′ are in the solar reference frame. The
zero value of φ′ corresponds to the normal to the line
of symmetry (line connecting the geometrical center
of sunspot to the solar disk center).
Fig. 6. Magnetic field response functions, RFB, of the Si i 10827.1 Å and Ca i 10833.4 Å lines. Panels (a) and (b) display RFB of
Stokes I and Stokes V of the Si i 10827.1 Å line respectively, for a penumbral atmosphere where (∆B/∆ log τ) is positive. For the
same atmosphere, RFB of Ca i 10833.4 Å are shown in panels (c) and (d). Panels (e)-(h) are same as (a)-(d) but represent RFB of a
penumbral atmosphere where (∆B/∆ log τ) is negative. Displayed RFB are normalized to the maximum value. The absolute values of
RFB integrated along the wavelength range ∆λ = ± 1.0 Å for the Si i and Ca i lines are shown in panels (i) and (j), respectively. Red
and blue curves correspond to the positive and negative (∆B/∆ log τ) respectively. Solid curves are for Stokes I and Dashed curves
are for Stokes V . Dotted horizontal or vertical lines in the panels indicate the log τ nodes used in the inversions.
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Fig. 7. Continuum intensity maps from 14 November, 2010 (panel
(a)) and 16 November, 2010 (panel (b)). The contours are used to
calculate azimuthal averages. The areas above the red lines were
neglected because of the complex structure of the sunspot there.
Azimuthally averaged parameters: Panel (c) shows the radial
dependence of B of the sunspot observed on 14 November, 2010
(violet curve) and 16 November, 2010 (red curve) with VTT/TIP-
2. Panel (d) represents the vertical gradient of the magnetic field
strength (∆B/∆ log τ)0.0,−2.3 as a function of r/Rspot. Shaded areas
represent standard deviations. Dotted vertical lines in panels (c)
and (d) indicate the averaged location of the umbra-penumbra
boundary and the outer boundary of the sunspot.
neous straylight is taken into account (for details see van Noort
(2012), van Noort et al. (2013) and Section 3).
2.3. Inversion results
The magnetic field parameters retrieved from inversions of the
observations from 14 November, 2010 are presented in the upper
row of Fig. 5. Panels (a) and (b) display maps of B and and its
linear gradient, (∆B/∆ log τ)0.0,−2.3 of the observed FOV, respec-
tively. The definition of (∆B/∆ log τ) is given by(
∆B
∆ log τ
)
a,b
=
(∆B)a,b
(∆ log τ)a,b
=
B(b) − B(a)
b − a , (2)
where a and b denote lower and upper log τ surfaces, respec-
tively. Inclination and azimuth angles of the magnetic field vec-
tors,B, are presented in panels (c) and (d) of Fig. 5. The magnetic
field vectors presented here are projected to disk center coordi-
nates using the transformation matrix given by Wilkinson et al.
(1989). The 180° ambiguity in azimuth direction is resolved by
the `` acute angle´´ method (Sakurai et al. 1985; Cuperman et al.
1992). Inclination and azimuth angle of B after correction to the
solar disk center coordinates are denoted by γ′ and φ′, respec-
tively. Magnetic field parameters obtained from the observations
recorded on 16 November, 2010 are shown in the lower row of
Fig. 5. The umbral and penumbral boundaries shown here as well
as those for the SOT/SP observations and MHD simulation (pre-
sented in Section 3 and Section 4 respectively) are determined by
the method of cumulative histogram of the continuum intensity
as demonstrated by Mathew et al. (2007).
Whereas on 14 November the maximum of B amounts to
∼ 2500 G and appears in the darkest part of the umbra it increases
up to ∼ 2800 G two days later. Maps of (∆B/∆ log τ)0.0,−2.3 show
consistent results on both days: in the umbra (∆B/∆ log τ)0.0,−2.3
is positive, i.e., B increases with optical depth. In the undis-
turbed part of the inner and middle penumbra the gradient maps
show a ring-like structure where (∆B/∆ log τ)0.0,−2.3 is nega-
tive, i.e., B decreases with optical depth. In the outer penumbra
(∆B/∆ log τ)0.0,−2.3 is positive and just outside the visible bound-
ary of the sunspot, (∆B/∆ log τ)0.0,−2.3 is negative again.
The magnetic field response functions, RFB, of Stokes I and
V of the spectral line diagnosed here show that log τ nodes used
in the inversions roughly cover the range of heights to which
the lines are sensitive. Fig. 6 displays RFB for two different loca-
tions in the penumbra with different sign of (∆B/∆ log τ)0.0,−2.3.
RFB for a penumbral atmosphere where Blog τ=0.0 = 833 G,
(∆B/∆ log τ)0.0,−2.3 = 57 G/log τ and Tlog τ=0.0 = 6273 K are pre-
sented in Fig. 6(a)-(d), while Fig. 6(e)-(h) show RFB for an
atmosphere where Blog τ=0.0 = 930 G, (∆B/∆ log τ)0.0,−2.3 = –
173 G/log τ and Tlog τ=0.0 = 6328 K. Wavelength-integrated |RFB|
are plotted in Fig. 6(i) and (j), showing that these lines have strong
RFB at log τ = −0.7 and −2.3 and non-zero values at log τ = 0.0
irrespective of the nature of (∆B/∆ log τ)0.0,−2.3. The model at-
mosphere in our inversions consists of a magnetic field strength
which varies linearly with log τ.
To study the radial dependence of the properties of the sunspot
atmosphere, we use azimuthal averages of all parameters. The
azimuthal averages are computed along 25 isothermal contours
obtained from a smoothed temperature map at log τ = 0.0 (see
panels (a) and (b) of Fig. 7). We do not consider the parts of the
penumbra below the red lines shown in Fig. 7(a) and (b), since
the field structure there is strongly disturbed by a light bridge and
an arch filament system connecting this region to points outside
the FOV.
The radial dependences of B and (∆B/∆ log τ)0.0,−2.3 are
displayed in Fig. 7(c) and (d). On 14 (16) November,
(∆B/∆ log τ)0.0,−2.3 has a value of 120 (100) G/log τ on average
in the darkest part of umbra with a maximum amplitude of 185
5
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Fig. 8. Continuum intensity (panel
(a)) and (∆B/∆ log τ) maps of a
sunspot in active region NOAA
10933, observed with Hinode
SOT/SP. Panels (b) and (c) rep-
resent (∆B/∆ log τ)0.0,−0.9 and
(∆B/∆ log τ)−0.9,−2.5, respectively.
Inner and outer white contours
in all panels represent the umbra-
penumbra boundary and the
outer boundary of the sunspot,
respectively.
Fig. 9. Magnetic field response functions, RFB, of the Fe i 6301.5 Å and Fe i 6302.5 Å lines. Panels (b) and (c) show RFB for Stokes
I and Stokes V , respectively, for a penumbral atmosphere with the magnetic field strength stratification presented in panel (a). Panels
(e) and (f) are the same as panels (b) and (c) but correspond to the magnetic field stratification displayed in panel (d). The presented
RFB values are normalized to the maximum value. The absolute values of RFB, integrated over wavelength (∆λ = ± 0.35Å ) for the
Fe i 6302.5 Å line, are shown in panel (g). Red and blue curves correspond to the positive and negative (∆B/∆ log τ), respectively.
Solid curves are for Stokes I and Dashed curves are for Stokes V . Dotted horizontal lines in panels (b), (c), (e) and (f) and Dotted
vertical lines in panel (g) indicate the log τ nodes used in the inversions.
(175) G/log τ. Form these values we estimate the average mag-
netic field gradient in the umbra on a geometrical depth scale
is to be ∼ 1.3 G km−1. We converted ∆ log τ to ∆d assuming hy-
drostatic equilibrium, where d is the geometrical depth. In the
inner penumbra, i.e., from r/Rspot = 0.4 − 0.5 to r/Rspot ' 0.75,
(∆B/∆ log τ)0.0,−2.3 is negative, with an average value of – 40
(–100) G/log τ. Between r/Rspot ' 0.75 and r/Rspot = 1.0 the
(∆B/∆ log τ)0.0,−2.3 is positive.
To crosscheck the presence of negative gradients in our results
we performed inversions of the Si i 10827.1 Å and Ca i 10833.4 Å
lines separately, but this time the atmospheric model contained a
height-independent magnetic field. Comparison of the retrieved
magnetic field strength from the Si i line to that from the Ca i
line qualitatively confirms the vertical magnetic field gradient
structure in the penumbrae obtained with the inversion of the both
lines together. For example: the magnetic field strength obtained
from the inversion of the Ca i 10833.4 Å line is 745 G and that
for the Si i 10827.1 Å line is 730 G. These values are for the
location in the penumbra, RFB of which are shown in Fig. 6(a)-
(d). For the penumbral location corresponding to RFB displayed
in Fig. 6(e)-(h) the retrieved magnetic field strength form the
Ca i 10833.4 Å and Si i 10827.1 Å lines are 1190 G and 1241 G,
6
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Fig. 10. (a)-(c): Same as Fig. 8, but show-
ing only the area within the white box in
panel (a) of Fig. 8. Additional panels (d),
(e) and (f) displaying inclination of the
magnetic field at log τ = 0.0,−0.9,−2.5,
respectively. Contours in the panels (a),
(c), (d), (e) and (f) separate patches of
negative and positive (∆B/∆ log τ)0.0,−0.9
and white contours in the panel (b) indi-
cate areas of polarity opposite to that in
the umbra at log τ = 0.0. The horizontal
white line in panel (a) indicates the lo-
cation of the cut plotted in Fig. 14. The
Black arrow in panel (b) marks an exam-
ple of a penumbral filament with negative
(∆B/∆ log τ)0.0,−0.9 at its edges.
respectively. The average formation heights for the Ca i and Si i
lines in the penumbral atmospheres are log τ = –1.6 and log τ =
–2.1, respectively. These field strength values confirm the opposite
signs of the gradients obtained by inverting both lines together.
3. Hinode SOT/SP observations
Low spatial resolution observations of a sunspot can lead to under-
or overestimation of B and (∆B/∆ log τ) due to unresolved multi-
ple magnetic components with different orientation of the mag-
netic vector within the resolution element. This effect is caused
by signal cancellation of Stokes V profiles. The unexpected result
that B decreases with optical depth, in azimuthal averages in the
inner penumbra leads to the question if this outcome is a spurious
result of the low spatial resolution of the VTT/TIP-2 data or if it
is real.
To answer this question we analyze high spatial resolution
Hinode SOT/SP observations. SOT/SP records full Stokes pro-
files of the Fe i 6301.5 Å and Fe i 6302.5 Å spectral lines.
The SOT/SP observations analyzed here belong to active region
NOAA 10933, which were taken on January 5, 2007 close to disk
center (5°N, 2°W). This data set was inverted by Tiwari et al.
(2013, 2015) and van Noort et al. (2013) and we employed the
atmospheric parameters retrieved as part of these studies. These
authors used the spatially coupled inversion technique of van
Noort (2012) to infer atmospheric parameters. The particular in-
version considered here has been performed with an enhanced
spatial sampling of 0.′′08, compared to 0.′′16 of the original Hinode
SOT/SP (see van Noort et al. 2013, for details). The initial at-
mospheric model used by Tiwari et al. (2013) consists of three
nodes each for T , vlos, B, γ, φ and vmic. The three nodes are at
log τ = 0.0,−0.9 and −2.5.
The map of continuum intensity and (∆B/∆ log τ) maps are
shown in Fig. 8. The map of (∆B/∆ log τ)0.0,−0.9, (panel (b))
shows patches of negative values in the inner penumbra, i.e.,
at these locations B decreases with optical depth. Patches of neg-
ative values also exist in the map of (∆B/∆ log τ)−0.9,−2.5, i.e., in
the upper atmospheric layer (see panels (c) of Fig. 8), but they
are smaller in number and with lower amplitude. For simplicity
we shall call the atmosphere between log τ = 0 and –0.9 as the
lower and between log τ = −0.9 and –2.5 as the upper layer. Just
outside the visible boundary of the sunspot there is a ring of
negative gradient in both the lower and upper atmospheric layers.
This ring of negative gradient extends further in the upper layer
compared to the lower layer.
The stratification of magnetic field strength with respect to
log τ at two different locations in the penumbra are shown in
Fig. 9. Panels (b) and (c) display RFB of Stokes I and V profiles
of the Fe i 6301.5 Å and Fe i 6302.5 Å lines for the atmosphere
in panel (a), where the magnetic field strength increases with
optical depth. Panels (e) and (f) represent those for the atmosphere
depicted in panel (d) where the magnetic field strength decreases
with optical depth. RFB for both the atmospheres demonstrate
that log τ nodes used for the inversions of the Fe i 6301.5 Å and
Fe i 6302.5 Å lines reasonably samples their formation heights.
The gradient maps are highly structured which can be seen
in Fig. 10, a zoomed-in version of Fig. 8 with magnetic field
inclination information added. Contours in panels (a) and (c)-(f)
of Fig. 10 separate patches with negative and positive values of
(∆B/∆ log τ)0.0,−0.9. It is evident that the patches where the field
has negative gradient mostly coincide with bright filaments. The
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Fig. 11. Physical properties of the standard filament from Tiwari
et al. (2013). (a) Continuum intensity normalized to the quiet Sun
continuum; (b) T at log τ = 0.0; (c) B at log τ = 0.0; (d) γ at
log τ = 0.0; (e) (∆B/∆ log τ)0.0,−0.9 and (f) (∆B/∆ log τ)−0.9,−2.5.
Left- and rightmost parts of the panels correspond to the inner
and outer part of the filament, respectively, with inner meaning
closer to the umbra.
gradient is steeper in the lower layer (panel (b)) compared to
the upper layer (panel (c)). The gradient shows also fine struc-
ture within the body of individual filaments. Most parts of the
filaments display negative values of (∆B/∆ log τ)0.0,−0.9, while
at the centers of filaments (∆B/∆ log τ)0.0,−0.9 is positive (indi-
cated by an arrow in panel (b) of Fig. 10). In the upper layer the
filaments have mostly negative (∆B/∆ log τ)−0.9,−2.5 along their
central parts, in particular near their heads. Contours colored in
white in panel (b) of Fig. 10 show locations where the polar-
ity of B is opposite to that of the umbra at log τ = 0.0. Narrow
patches of opposite polarity at log τ = 0.0 are co-located with
the patches of negative (∆B/∆ log τ)0.0,−0.9, but the former are
narrower. Opposite polarity patches disappear at log τ = –2.5,
whereas at log τ = –0.9 opposite polarity patches are located only
at the tails of filaments.
Most of the filaments in our dataset display the properties
mentioned above. To check weather these are generic, we con-
sider the averaged penumbral filament constructed by Tiwari et al.
(2013). They averaged 60 penumbral filaments, 20 each from
the inner, middle and outer penumbra. Prior to averaging they
straightened all filaments and then normalized their lengths. The
inner, middle and outer filaments exhibit strong similarities in
all physical properties, such as the plasma flow and the magnetic
field. The temperature structure is also similar, but does show
some changes with the radial distance from the sunspot center.
Some of the physical properties of this averaged filament are
displayed in Fig. 11. The structure of the gradient of the averaged
filament is similar to that noticed in individual filaments (see
Fig. 10), although much smoother. At the center, along the central
ridge of the filament (∆B/∆ log τ)−0.0,−0.9 is positive, surrounded
by negative (∆B/∆ log τ)−0.0,−0.9 at the edges, in particular around
the head. The inner (i.e., near umbra) half (x < 0.5 in Fig. 11)
of the filament has negative (∆B/∆ log τ)−0.9,−2.5 along its cen-
tral ridge. The outer half (x > 0.5) displays positive values of
(∆B/∆ log τ)−0.9,−2.5.
To figure out the penumbral magnetic field structure which
can produce such a magnetic field gradient, it is important to see
how the magnetic field is stratified with optical depth. The opti-
cal depth stratification of various physical parameters is shown
Fig. 12.Optical depth stratification of various physical parameters
of the standard filament displayed in Fig. 11 perpendicular to its
axis. Panels in the first, second and third column represent the
head, middle and tail of the filament respectively. From top to
bottom (for each column): T , B, γ, the vertical component of the
magnetic field |Bz|, the radial component of the magnetic field Br
and (∆B/∆ log τ). The head, middle and tail positions are marked
by dashed vertical lines in Fig. 11.
in Fig. 12. As mentioned before, the atmosphere is fitted only
on the three log τ positions. The stratification at intermediate
log τ positions shown in Fig. 12 is derived by interpolation using
the same bicubic spline approximation as used during the inver-
sion procedure. The positions of these vertical cuts through the
standard filament displayed in Fig. 12 are indicated by dashed
vertical lines in Fig. 11. In the central ridge (∆y = 0′′) of the
head of the filament (first column of Fig. 12), B becomes weaker
and more horizontal from log τ = 0.0 to log τ = −0.9 and B
increases again from log τ = −0.9 to log τ = −2.5, so that the
vertical gradient of the field is positive between log τ = 0.0 and
log τ = −0.9 and negative between log τ = −0.9 and log τ = −2.5.
Between log τ = 0.0 and log τ = −0.9 the vertical component of
the magnetic field, Bz, also becomes weaker, whereas the radial
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Fig. 13. Azimuthally averaged magnetic field gradient as a func-
tion of normalized radial distance, r/Rspot, from the center of
the sunspot observed with SOT/SP. Black and blue curves depict
(∆B/∆ log τ)0.0,−0.9 and (∆B/∆ log τ)−0.9,−2.5, respectively. Shaded
areas represent the standard deviations. Dotted vertical lines in-
dicate the umbra-penumbra boundary and the outer boundary of
the sunspot.
Fig. 14. Fluctuations of (∆B/∆ log τ)0.0,−0.9 (black curve) and
Ic/I
qs
c (red curve) along the white line in Fig 10(a). Gray shaded
areas correspond to positions with polarity opposite to that in the
umbra.
component of the magnetic field, Br, becomes stronger. At the
edge of the filament head (∆y ' ±0.′′4), B is horizontal and weaker
in the deeper atmosphere and becomes more vertical and stronger
in the upper atmosphere. The more vertical and stronger field in
the upper part of the atmosphere is thought to be field from the
surrounding spines, expanding and closing above the filament,
which carries weaker magnetic fields. This might explain why we
see a negative field gradient at the location of the filament.
At the middle and tail part of the filament (second and third
columns of Fig. 12) the horizontal field at the filament center is
stronger compared to the overlying more vertical field. Hence in
the middle and tail part of the bright filament the field gradient is
positive.
To derive the dependence of (∆B/∆ log τ) on the radial dis-
tance from the sunspot center we use the same method as ap-
plied to the VTT/TIP-2 data (see Section 2.3). The radial depen-
dence of (∆B/∆ log τ)0.0,−0.9 shows a qualitative similarity with
that of (∆B/∆ log τ)0.0,−2.3 found from the VTT/TIP-2 observa-
tions, but with the gradients being more positive. Quantitatively,
the positive values retrieved from the SOT/SP observations are
Fig. 15. The azimuthally averaged magnetic field and its vertical
gradient in the 3D MHD simulation. Panel (a) represents the
magnetic field as a function of normalized radial distance r/Rspot
and geometrical depth d − dphoto, here dphoto denotes the average
geometrical depth of the quiet Sun photosphere at log τ = 0.
Panel (b) displays ∂B/∂d. Lower, middle and upper curves in
panels (a) and (b) show the log τ = 0.0, log τ = –0.9 and log τ
= –2.5 levels, respectively. Black, blue and red curves in panel
(c) depict (∆B/∆d) estimated between d − dphoto = 384 km and
192 km, d − dphoto = 192 km and 0 km and d − dphoto = 0 km
and –192 km, respectively. These geometric depth positions used
in estimating (∆B/∆d) are shown by horizontal lines in panels
(a) and (b). Shaded areas represent standard deviations.Dotted
vertical lines in all panels indicate the umbra-penumbra boundary
and the outer boundary of the sunspot.
higher: in the umbra the average value of (∆B/∆ log τ)0.0,−0.9
is found to be 150 G/log τ (see Fig. 13), ∼ 1.4 G km−1 in the
geometrical depth scale. In the inner penumbra, between r '
0.43Rspot and r ' 0.63Rspot, (∆B/∆ log τ)0.0,−0.9 is negative, with
the maximum negative value of –80 G/log τ being reached at
r = 0.5Rspot. (∆B/∆ log τ)0.0,−0.9 is positive beyond r ' 0.6Rspot.
(∆B/∆ log τ)−0.9,−2.5 amounts to 120 G/log τ on average in the
umbra and remains positive also in the penumbra. Outside the
boundary of the sunspot, on average (∆B/∆ log τ)−0.9,−2.5 is nega-
tive.
Fig. 14 displays (∆B/∆ log τ)0.0,−0.9 and Ic/I
qs
c along a slit
(corresponding to the horizontal white line in Fig.10(a)) in the
penumbra cutting across several penumbral filaments. Ic and I
qs
c
represent continuum intensity and averaged continuum intensity
in the quiet Sun, respectively. Along the slit both positive and neg-
ative patches of (∆B/∆ log τ)0.0,−0.9 are present. At the location
of filaments (∆B/∆ log τ)0.0,−0.9 has negative values with larger
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Fig. 16. Continuum intensity (panel (a)) and the magnetic field gradient maps from a 3D MHD simulation of a sunspot computed by
Rempel et al. (2009). Panels (b), (c) and (d) depict (∆B/∆d) estimated between d − dphoto = 384 km and 192 km, d − dphoto = 192 km
and 0 km and d − dphoto = 0 km and –192 km, respectively. Here dphoto signifies the depth at which on average τ = 0 is reached in
the quiet Sun. White circles in all panels represent the averaged umbra-penumbra boundary and the outer boundary of the sunspot.
Fig. 17. Continuum intensity (panel (a)) and (∆B/∆ log τ) maps obtained from the MHD simulation of a sunspot. Panels (b), (c) and
(d) display (∆B/∆ log τ)0.0,−0.9, (∆B/∆ log τ)−0.9,−2.5 and (∆B/∆ log τ)−2.5,−3.5, respectively. The white circles have the same meaning
as in Fig. 8. The white box denotes the location of the blowup displayed in Fig. 18.
magnitudes than the positive (∆B/∆ log τ)0.0,−0.9 of the dark back-
ground. Hence, the azimuthal average of (∆B/∆ log τ)0.0,−0.9 turns
out to be negative in the inner penumbra.
4. Comparison with 3D MHD simulations
To better understand the origin of the azimuthally averaged nega-
tive (∆B/∆ log τ)0.0,−0.9 and (∆B/∆ log τ)0.0,−2.3 in sunspot penum-
brae detected in the SOT/SP and VTT/TIP-2 observations, respec-
tively, we analyzed a snapshot from a 3D MHD simulation of a
sunspot by Rempel et al. (2009); cf. Rempel (2011). The advan-
tage of studying the MHD simulation is that we can determine
the gradient also on a geometrical depth scale, d, rather than just
on an optical depth scale.
The azimuthally averaged B and ∂B/∂d stratified with respect
to geometrical depth are depicted in Fig. 15(a) and (b), respec-
tively. In Fig. 15, d denotes the geometrical depth (d increases
into the Sun) and dphoto is the average geometrical depth in the
quiet Sun photosphere at log τ = 0. The considerable difference
between the geometrical depth scale (shown by dashed lines)
to the optical depth scale (shown by solid lines) is clearly evi-
dent. ∂B/∂d is positive above log τ = 0 for r/Rspot < 0.9 and
negative for r/Rspot > 0.9. This is in contradiction with the az-
imuthally averaged radial profile of (∆B/∆ log τ)0.0,−0.9 obtained
from SOT/SP observations, which have negative values in the
inner penumbra. In the MHD simulation the azimuthally aver-
aged ∂B/∂d is negative in the penumbra only below log τ = 0.
With the MHD simulation we have the advantage that we can
analyze the complete stratification of ∂B/∂d, whereas from the
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Fig. 18. Blowups of the area within the white boxes in Fig. 17. Contours in the panels (a), (c) and (d) encircles negative
(∆B/∆ log τ)0.0,−0.9 and white contours in the panel (b) indicate areas with polarity opposite to that in the umbra. Three verti-
cal bars in panel (a) mark the location of the vertical cuts displayed in Fig. 20.
observation magnetic field values are known only as a function
of optical depth (and at discrete nodes). Any conversion to geo-
metrical height implies additional assumptions. We also estimate
(∆B/∆d), which denotes the vertical gradient of the magnetic
field between given geometrical depths from the MHD simula-
tion (see dashed horizontal lines in Fig. 15(a) and (b)). (∆B/∆d)
is defined as follows,
(
∆B
∆d
)
p,q
=
B(p) − B(q)
p − q , (3)
where p and q denotes the lower and upper geometrical depth,
d − dphoto, respectively.
Azimuthal averages of (∆B/∆d), calculated for three depth
intervals are presented in Fig. 15(c). The log τ = 0 surface
in the inner penumbra in the MHD simulation is on average
∼ 400 km deeper than in the quiet Sun, so we do not look
at gradients of B below d − dphoto = 384 km. It shows an ab-
sence of negative (∆B/∆d)192,0 and (∆B/∆d)0,−192 within the
sunspot although these gradients achieve negative values out-
side the boundary of the sunspot. The gradient in the lowest
considered layer, (∆B/∆d)384,192, exhibits negative values for
0.9 & r/Rspot & 0.6. The shaded areas in Fig. 15(c) show stan-
dard deviations of (∆B/∆d) along the circles used to estimate the
azimuthal averages.
Fig. 16 shows a continuum intensity map at 6303.1 Å
(panel (a)) and maps of (∆B/∆d)384,192, (∆B/∆d)192,0 and
(∆B/∆d)0,−192 in panels (a)-(d), respectively. There are patches
where (∆B/∆d)384,192 is negative for 0.9 & r/Rspot & 0.6. We
see fewer of patches in the penumbra where (∆B/∆d)192,0 or
(∆B/∆d)0,−192 is negative compared to (∆B/∆ log τ)0.0,−0.9 in the
Hinode SOT/SP and VTT/TIP-2 observations.
As mentioned above, the azimuthally averaged (∆B/∆d)192,0
and (∆B/∆d)0,−192 in the MHD simulation does not display neg-
ative gradients in the inner penumbra whereas the SOT/SP and
VTT/TIP-2 observations show that the vertical gradient (in optical
depth scales) of the inner penumbra is negative in the azimuthal
averages. There are multiple possible reasons for this discrepancy
between the MHD simulation and the observations:
Fig. 19. Azimuthally averaged (∆B/∆ log τ) as a function of
normalized radial distance r/Rspot, from the MHD simulation of
a sunspot. Black, blue and red curves depict (∆B/∆ log τ)0.0,−0.9,
(∆B/∆ log τ)−0.9,−2.5 and (∆B/∆ log τ)−2.5,−3.5, respectively.
Shaded areas represent standard deviations.Dotted vertical lines
indicate the umbra-penumbra boundary and the outer boundary
of the sunspot.
1. The gradients of B related to geometrical depth may not
be directly comparable to gradients at a given optical depth
(since iso-optical depth surfaces are likely strongly corrugated
in the azimuthal direction, depending on the field strength
and the temperature). Also, a given optical depth samples
different geometrical depths at various radii in the penumbra.
2. There are shortcomings in the simulations, which lead to a
departure from realism in the synthetic sunspot’s magnetic
structure. For example, the penumbra is rather shallow in
the MHD simulation and the lowest layer analyzed here (d −
dphoto = 384 km ) is below the lower boundary of the magnetic
field at some locations at r/Rspot & 0.6. This may explain
some of the negative (∆B/∆d)384,192 at larger r/Rspot in the
simulation.
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3. The inversions of the observed Stokes profiles may be imper-
fect regarding the magnetic structure, although the inversions
of the two rather diverse observed data sets (different spectral
lines, different spatial resolution, ground-based vs. space-
borne, etc.) analyzed using contrasting approaches (straylight
and PSF removed vs. non consideration of straylight) result
in qualitatively similar magnetic field gradients.
For a comparison of the MHD atmosphere with the VTT/TIP-
2 and SOT/SP observations according to point (1), we com-
puted (∆B/∆ log τ) between two iso-τ surfaces, determined us-
ing the SPINOR code, everywhere in the simulated sunspot
following Eqn. 2. The resulting maps are shown in Fig. 17.
The (∆B/∆ log τ)0.0,−0.9 map reveals patches with negative val-
ues between r/Rspot ≈ 0.4 and 0.7, similar to what is seen
in the SOT/SP observations. Patches with negative values in
the (∆B/∆ log τ)−0.9,−2.5 and (∆B/∆ log τ)−2.5,−3.5 maps are, how-
ever, shifted to larger radii, lying between r/Rspot ≈ 0.7 and
r/Rspot ≈ 1.0. This behavior is not visible in the SOT/SP data.
There the patches with negative values of (∆B/∆ log τ) are mostly
found in the inner penumbra, also for the upper layer (see
Fig. 8). At the boundary of the sunspot we see a ring where
(∆B/∆ log τ)0.0,−0.9 is negative. A much more prominent such ring
is located further out in (∆B/∆ log τ)−0.9,−2.5 map. This is likely
associated with the magnetic canopy surrounding the sunspot.
Blowups of the region inside the white squares in Fig. 17 are
displayed in Fig. 18. In the MHD simulation too, patches where
(∆B/∆ log τ)0.0,−0.9 is negative, coincide with bright filaments. In
the lower layers, patches with negative (∆B/∆ log τ) exist only
around the heads of the filaments. In the upper layers large parts
of the filament’s body show a weak negative (∆B/∆ log τ).
The azimuthally averaged (∆B/∆ log τ) values as derived
from the MHD simulation, again as a function of the normalized
sunspot radius, are shown in Fig. 19. The shaded areas represent
standard deviations. The radial dependence of (∆B/∆ log τ)0.0,−0.9
is qualitatively similar to that of the SOT/SP observations show-
ing negative values (–25 G/log τ) in the inner penumbra. However
these negative gradients are much weaker than in the observations.
In the middle and outer penumbra (∆B/∆ log τ)0.0,−0.9 is positive
but with some quantitative differences to the SOT/SP observa-
tions. The azimuthally averaged (∆B/∆ log τ)−0.9,−2.5 in the MHD
simulation is positive at all radial distances within the sunspot,
which is similar to that of the SOT/SP observations. Outside the
sunspot (∆B/∆ log τ)−0.9,−2.5 is negative. The standard deviations
of the fluctuations of B in the azimuthal averages have higher
values in the MHD simulation compared to the SOT/SP obser-
vations. We attribute this to the higher spatial resolution of the
MHD data. The azimuthal averages of the vertical gradient of the
magnetic field obtained from VTT/TIP-2, SOT/SP and the MHD
simulation is compared in Table 2. The values listed in the table
are averaged over the respective areas.
The azimuthally averaged (∆B/∆ log τ)0.0,−0.9 in the MHD
simulation shows some negative values in the inner penumbra,
the unlike azimuthally averaged ∂B/∂d which has only positive
values above log τ = 0 in the inner penumbra (see Fig. 15(b)).
Also, the spatially resolved maps of the vertical gradient of the
magnetic field have negative values patches in the geometrical as
well as in optical depth scale, which predominantly coincide with
the inner part (head) of the penumbral filaments. This suggests
that the corrugation of the optical depth surfaces may play some
role in producing the negative (∆B/∆ log τ)0.0,−0.9 in the azimuthal
averages in the inner penumbra.
To investigate the effect of the corrugation of the optical depth
surfaces on the azimuthally averaged (∆B/∆ log τ)0.0,−0.9, the
Fig. 20. Geometrical depth stratification of various physical pa-
rameters perpendicular to the axis of a filament in the MHD
simulation. The locations of the plotted cuts are indicated by red
bars in Fig. 18(a). Panels in the first, second and third column
represent the head, middle and tail of the filament, respectively.
From top to bottom (for each column): T , B, γ, |Bz|, Br and ∂B/∂d
are plotted. Lower, middle and upper white curves in all panels
show log τ = 0.0,−0.9,−2.5 levels, respectively.
height stratifications of the physical properties at the head, middle
and tail of a penumbral filament from the MHD simulation
are plotted in Fig. 20. At the head of the filament ∂B/∂d has
negative values between log τ = 0.0 (lower white curve) and
log τ = −0.9 (middle white curve), whereas it is positive in the
surroundings (spines) of the filaments. The negative ∂B/∂d at
the head of the filaments is caused by the closing of the stronger
vertical fields from the spines above the weaker and relatively
horizontal fields of the filament (inter-spines). The negative
∂B/∂d above log τ = 0.0 is more prominent at the head of the
filament compared to the middle and tail of the filament. At the
head of the filament, the extension of strong negative ∂B/∂d with
geometrical depth follows the corrugation of log τ = 0.0 and
log τ = −0.9 levels. So, in this case areas with negative gradients
(filaments) contribute more to the azimuthal averages of the
vertical gradient of the magnetic field (in the geometrical depth
scale) than areas with positive gradients (spines). Since there are
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Fig. 21. Radial dependence of B at log τ = 0 (panel (a)) and
(∆B/∆ log τ)0.0,−2.3 (panel(b)) from the MHD simulation. Black
curves are estimated directly from the MHD simulation, blue
curves are results of inversions of synthesized Stokes profiles
from the MHD simulation at native resolution. Red curves are
from inversions of synthesized Stokes profiles from the MHD
simulation degraded to a spatial resolution of ∼ 1.′′0. Shaded
areas represent standard deviation. The dotted vertical lines in
both panels indicate the umbra-penumbra boundary and the outer
boundary of the sunspot.
more filament heads in the inner penumbra than in the middle and
outer penumbra, the azimuthally averaged (∆B/∆ log τ)0.0,−0.9
is negative in the inner penumbra, as found in the SOT/SP and
VTT/TIP-2 observations as well as in the MHD simulation.
4.1. The effect of spatial resolution on (∆B/∆ log τ)
To understand the effect of the simplified model atmosphere used
to fit the Stokes profiles observed with VTT/TIP-2, we inverted
Stokes profiles of the Si i 10827 Å and Ca i 10833 Å spectral
lines synthesized along vertical rays passing through every (x, y)
grid point of the MHD simulation. The inversions start from the
same set of initial parameters as used to fit the VTT/TIP-2 data.
One set of inversions is carried out at the native resolution of the
MHD simulation, another after degrading the synthesized Stokes
images by a point spread function (PSF) which has a Gaussian
shape with FWHM of 1.′′0, close to the spatial resolution of the
VTT/TIP-2 data presented in Section 2. In the latter case, Stokes
Fig. 22. Maps of opposite polarity patches from the MHD sim-
ulation of a sunspot. Black areas indicate positions of opposite
magnetic polarity. Panels (a), (b) and (c) correspond to log τ = 0,
log τ = −0.9 and log τ = −2.5, respectively. Circles in all panels
represent the umbra-penumbra boundary and the outer boundary
of the sunspot.
images are synthesized after binning the MHD atmosphere such
that the resultant pixel size is equal to that in the VTT/TIP-2 data.
In Fig. 21, the radial dependence of B (at log τ = 0) and
(∆B/∆ log τ)0.0,−2.3, deduced from the inversions of the synthetic
data are compared with the original B and (∆B/∆ log τ)0.0,−2.3 val-
ues obtained from the MHD simulation. From the sunspot center
to half of the sunspot radius, B is reproduced reasonably by the
inversions of synthesized Stokes profiles, both at native and de-
graded spatial resolution of the MHD simulation. The inversions
tend to overestimate both B and its vertical gradient. In the outer
half of the sunspot B is underestimated by ∼ 200 G when we
perform inversions of Stokes profiles synthesized in native spatial
resolution. The inversion of spatially degraded Stokes profiles re-
sults in a further underestimate of B by up to ∼ 1000 G, mainly as
a result of signal cancellation in unresolved structures. Between
r/Rspot ' 0.20 and r/Rspot ' 0.70 the inversions with the simpli-
fied model at native resolution overestimate (∆B/∆ log τ)0.0,−2.3,
while between r/Rspot ' 0.75 and r/Rspot = 1.0 they under-
estimate (∆B/∆ log τ)0.0,−2.3, but displays the correct sign. The
inversion results of the spatially degraded Stokes profiles show a
qualitative difference to the true gradient in the model, leading
to negative (∆B/∆ log τ)0.0,−2.3 in the outer penumbra. The main
result, from the VTT/TIP-2 data, namely the dominant presence
of negative (∆B/∆ log τ)0.0,−2.3 in parts of the penumbra , is repro-
duced, although, the negative values of (∆B/∆ log τ)0.0,−2.3 occur
in the outer part of the penumbra in the MHD simulation, while
they are located in the inner penumbra in the observations.
This experiment demonstrates that a lower spatial resolution
can lead to apparent negative (∆B/∆ log τ) in the penumbra. One
possibility is that unresolved opposite polarity patches in the
penumbra could significantly influence (∆B/∆ log τ) deduced
from observations, especially, if the population of opposite polar-
ity patches changes with height in the photosphere.
5. Opposite polarity patches in penumbrae
In this section we analyze the distribution of opposite polarity
patches at different log τ surfaces, both in the MHD simulation
and the SOT/SP observations, in order to understand the relation
between opposite polarity patches and the presence of negative
(∆B/∆ log τ)
The positions of patches with polarity opposite to that in the
umbra at three log τ levels (0.0,–0.9 and –2.5) in the MHD sim-
ulation are shown in Fig. 22. At log τ = 0 the opposite polarity
patches appear at almost all radial distances in the penumbra with
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Table 2. Comparison of spatially averaged (∆B/∆ log τ) values obtain form VTT/TIP-2, SOT/SP and the MHD simulation in terms
of the inner- and outer halves of the penumbra.
VTT/TIP-2 SOT/SP MHD
Inner
(
∆B
∆ log τ
)
0.0,−2.3 ' −70 G/ log τ
(
∆B
∆ log τ
)
0.0,−0.9 ' −20 G/ log τ(
∆B
∆ log τ
)
−0.9,−2.5 ' 73 G/ log τ
(
∆B
∆ log τ
)
0.0,−0.9 ' 5 G/ log τ(
∆B
∆ log τ
)
−0.9,−2.5 ' 65 G/ log τ
Outer
(
∆B
∆ log τ
)
0.0,−2.3 ' 9 G/ log τ
(
∆B
∆ log τ
)
0.0,−0.9 ' 137 G/ log τ(
∆B
∆ log τ
)
−0.9,−2.5 ' 52 G/ log τ
(
∆B
∆ log τ
)
0.0,−0.9 ' 172 G/ log τ(
∆B
∆ log τ
)
−0.9,−2.5 ' 24 G/ log τ
Fig. 23. Same as Fig. 22 but for SOT/SP observations.
Fig. 24. Panel (a) shows the radial distribution of opposite polar-
ity flux Boppz as a fraction of the net flux |Bz| from the SOT/SP
observations. Panel (b) displays the radial distribution of op-
posite polarity flux for the MHD simulation. Panel (c) corre-
sponds to opposite flux from inversions of synthesized Stokes
profiles from the MHD simulation which was degraded with a
Gaussian of 1.′′0 width. Black, blue and red curves correspond
to log τ = 0.0, log τ = −0.9 and log τ = −2.5, respectively. Solid
and dashed curves in panel (d) display the numbers of pixels
where (∆B/∆ log τ)0.0,−2.3 < 0 at native and degraded spatial res-
olution in the MHD simulation, respectively.Dotted vertical lines
in all the panels indicate the umbra-penumbra boundary and the
outer boundary of the sunspot.
the number of patches increasing towards the outer penumbra.
At log τ = −0.9 and log τ = −2.5 the opposite polarity patches
are mainly restricted to the middle to outer penumbra and to
the outer penumbra, respectively. The positions of the opposite
polarity patches in the SOT/SP data are consistent with the MHD
simulation (see Fig. 23). The radial distribution of opposite po-
larity flux Boppz as a fraction of the net flux |Bz| is plotted in
Fig. 24. In the SOT/SP observations, opposite polarity flux ap-
pears even in the inner penumbra at log τ = 0, and reaches a
fraction of up to ∼ 55% of the total flux at the outer boundary
of the penumbra. The MHD simulation shows ∼ 47% flux with
opposite polarity at the outer boundary of the penumbra, but start-
ing at a larger r/Rspot value. At log τ = −0.9 the SOT/SP data
have only ∼ 15% flux with opposite polarity at the outer bound-
ary of the penumbra, whereas it amounts to ∼ 30% in the MHD
simulation. Approximately 8% of the flux has the opposite po-
larity in the outer penumbra at log τ = −2.5 in both the SOT/SP
data and the MHD simulation. When the MHD simulation is
degraded to 1.′′0 only a small fraction of the opposite polarity
flux survives (see panel (c) of Fig. 24). With degraded spatial
resolution a higher number of pixels with negative (∆B/∆ log τ)
is found in the penumbra compared to that in the native resolution
of the MHD simulation (see panel (d) of Fig. 24). In the umbra
not a single pixel is found with negative values of (∆B/∆ log τ)
in the degraded spatial resolution data but almost ∼ 30% of the
pixels have negative values of (∆B/∆ log τ) in the native reso-
lution presumably corresponding to umbral-dots (Schu¨ssler &
Vo¨gler 2006; Riethmu¨ller et al. 2008, 2013). In summary, the low
spatial resolution hides opposite polarity patches in the sunspot.
However, it causes many pixels with (∆B/∆ log τ) < 0, hence, it
also produces (∆B/∆ log τ) < 0 in the azimuthal averages.
6. Discussion
We determined the vertical gradient of the magnetic field strength
throughout sunspots. From the VTT/TIP-2 observations we found
that B increases at a rate of approximately 1.3 G km−1 with ge-
ometrical depth above log τ = 0.0 in the umbra. In the SOT/SP
data we found that B increases with depth at an average rate of
∼ 1.4 G km−1 in the umbra. Here we are presenting the gradi-
ent in terms of geometrical depth just to facilitate comparisons
with earlier studies. Similar values have been found by Borrero
& Ichimoto (2011) and Tiwari et al. (2015) based on Hinode
SOT/SP data and by Sa´nchez Cuberes et al. (2005) from VTT/TIP
data. Mathew et al. (2003) report values around 4 G km−1 and
Westendorp Plaza et al. (2001) found 2.5 G km−1. We found
that B increases rapidly with depth in the lower atmosphere
while the gradient becomes flatter in the upper atmosphere above
log τ = −0.9 in the SOT/SP data. This might explain the differ-
ence to that found by Mathew et al. (2003), who obtained the
gradient from the inversion of the Fe i 1.56 µm lines that form
very deeply in the photosphere.
The vertical gradient of the magnetic field strength in the
penumbra, reported in the present work, displays large fluctu-
ations, changing its sign even on small scales. In the gradient
maps of the penumbra derived from the SOT/SP observations,
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(∆B/∆ log τ) is always positive in spines. The gradient in the
penumbral filaments has a more complex structure: in the lower
layer of the inner half of the filaments (i.e., the part of a fila-
ment closer to the umbra) has a positive (∆B/∆ log τ) which is
surrounded by a negative (∆B/∆ log τ) at the sides. In the up-
per layer of the inner half part of the filaments it has only a
negative (∆B/∆ log τ) that is strongest along the central ridge
of the filaments. The outer half of the filament has a positive
(∆B/∆ log τ) both in the lower and upper layers. The positive
(∆B/∆ log τ) in the tail can be explained by the fact that the hori-
zontal field of the filament, which is returning to the surface is
stronger than the spine’s field covering the filaments from the
top (Tiwari et al. 2013). The decrease in the number and strength
of spines with r/Rspot probably also contributes. The structure
of the gradient in the body of filaments close to the head can be
explained by a penumbral model presented in Fig. 25 (adopted
from Zakharov et al. (2008)). The vertical structure of a penum-
bral filament is assumed to be a semi-circular horizontal cylinder
containing nearly horizontal magnetic field. The filament is sur-
rounded by a more vertical background magnetic field (spines)
on the sides, which closes above the filament. The background
field forms spines with B gradually decreasing with height. This
model assumes that the semicircular filament has its maximum
magnetic field strength at its center, which gradually decreases
towards the boundary between the spines and the filament. The
log τ = 0.0 level samples the whole width of the filament (shown
by region B+A+B in Fig. 25), whereas the log τ = −0.9 level
samples only the central part of the filament’s width (region A).
Finally, the log τ = −2.5 level sees field only from the spines. In
region A the field strength decreases between log τ = 0.0 and
log τ = −0.9, hence, (∆B/∆ log τ)0.0,−0.9 is positive. In region
B (∆B/∆ log τ)0.0,−0.9 is negative because the log τ = 0.0 level
probes the filament, whereas the log τ = −0.9 level samples the
stronger field from the spines. (∆B/∆ log τ)−0.9,−2.5 < 0 in region
A because the log τ = −0.9 level is still within the filament’s body
whereas the log τ = −2.5 level is above the filament where the
stronger field from the spines closes. In summary, the expanding
and closing magnetic field from the spines above the filament
causes the negative (∆B/∆ log τ) in the inner part of penumbral
filaments.
In the MHD simulation (∆B/∆ log τ) is negative in the inner
part of filaments in both layers. (∆B/∆ log τ)0.0,−0.9 is positive
in the tail of filaments, whereas (∆B/∆ log τ)−0.9,−2.5 is negative
there. The gradient maps thus reveals that there are differences in
the details of magnetic field structure of the penumbral filaments
between the MHD simulation and the observations.
After producing azimuthal averages, our results turn out to
be rather different from results published previously (Westendorp
Plaza et al. 2001; Mathew et al. 2003; Sa´nchez Cuberes et al.
2005; Balthasar & Go¨mo¨ry 2008; Borrero & Ichimoto 2011).
In the VTT/TIP-2 data, where we assume that B varies linearly
with log τ, we found that B decreases with depth from the umbra-
penumbra boundary to r ' 0.75Rspot. Between r ' 0.75Rspot and
r/Rspot = 1.0 B increases with depth. The SOT/SP observations
exhibit a similar profile of (∆B/∆ log τ) in the lower layers. In the
upper atmosphere B increases on average with depth at all radial
distances in the penumbra. (∆B/∆ log τ)0.0,−0.9 estimated from
the MHD simulation shows good qualitative similarities with the
SOT/SP data in the lower layers, although, (∆B/∆ log τ)0.0,−0.9 in
the MHD simulation is mostly close to zero (slightly negative) in
the inner penumbra. The average radial profiles of (∆B/∆ log τ),
found in the present study with VTT/TIP-2 and SOT/SP obser-
vations disagree with earlier observational studies. Westendorp
Plaza et al. (2001) and Borrero & Ichimoto (2011) found that B
increases with depth in the inner half radius of the sunspot. In
the outer half radius the field decreases with depth. In contrast,
Mathew et al. (2003) and Sa´nchez Cuberes et al. (2005) found
that B increases with depth everywhere within the sunspot’s visi-
ble boundary. An observation of a reversed gradient in the vertical
magnetic field component in the penumbra has been reported by
Balthasar et al. (2013), based on difference between the magnetic
field inferred from the Fe i 10783 Å and Si i 10786 Å lines.
The expansion of the sunspot’s magnetic field due to the
decreasing gas pressure, (∂P/∂d) > 0, should always produce
a positive (∆B/∆ log τ) on a global scale. This is in seeming
contradiction with the azimuthally averaged radial profiles of
(∆B/∆ log τ)0.0,−0.9 found in the SOT/SP observations and the
MHD simulation where (∆B/∆ log τ)0.0,−0.9 is negative in the
inner penumbra. Highly corrugated optical depth surfaces, sam-
pling the atmosphere at different geometrical depths in different
parts of the penumbra, can cause the observed negative gradient
in the azimuthal averages. In the penumbral filaments, the log τ
surfaces are elevated compared to the spines (see Fig 20 and
Fig 25). In the spines the magnetic field strength changes gradu-
ally. in contrast to the filament exhibiting an abrupt change in the
magnetic field strength (from filament to the overlying field of the
expanding spines) between two log τ surfaces. The scenario de-
scribed above leads to a negative (∆B/∆ log τ)0.0,−0.9 with higher
magnitude in and above the filaments compared to the positive
(∆B/∆ log τ)0.0,−0.9 in the spines. The negative (∆B/∆ log τ)0.0,−0.9
is only seen around the heads of the filaments. A higher density of
filament heads at a given r/Rspot leads to a higher probability of
negative values for the azimuthal averages of (∆B/∆ log τ)0.0,−0.9.
This is the case in the inner penumbra, compared to the middle
and outer penumbra.
The statement that the highly corrugated log τ surfaces cause
the negative gradients in the azimuthal averages is supported by
the MHD simulation. The azimuthally averaged gradient with
respect to the geometrical scale, ∂B/∂d, from the MHD simula-
tion does not show negative values in the inner penumbra above
log τ = 0. When (∆B/∆ log τ) is examined then only the MHD
simulations show a negative or close to zero vertical gradient of
the magnetic field in the inner penumbra.
An underestimation of B in deeper layers could also con-
tribute to the observed negative gradient in the inner penumbra.
Underestimation of B can be caused by a cancellation of polarized
signal stemming from unresolved opposite polarity areas. The
presence of opposite polarity patches in sunspot penumbrae has
been observed by Scharmer et al. (2012), Ruiz Cobo & Asensio
Ramos (2013); Franz & Schlichenmaier (2013), Tiwari et al.
(2013) and van Noort et al. (2013). Ruiz Cobo & Asensio Ramos
(2013) and Franz & Schlichenmaier (2013) have found the oppo-
site polarity patches in the middle and outer penumbra in SOT/SP
observations while Scharmer et al. (2012) found thinner and elon-
gated lanes of opposite polarity everywhere in the penumbra in
higher resolution SST/CRISP observations. Recent 3D MHD sim-
ulations of a sunspot by Rempel (2012); cf. Rempel et al. (2009)
also exhibit opposite polarity patches in the penumbra. These
patches of opposite polarities are thought to be produced by ad-
vection of the field by the overturning convection in penumbrae.
In recent years many observational evidences for overturning
convection in penumbrae has been reported (Joshi et al. 2011;
Scharmer et al. 2011; Tiwari et al. 2013; Esteban Pozuelo et al.
2015).
Our analysis of opposite polarity patches in the SOT/SP ob-
servations and the MHD simulation indicates that flux associated
with opposite polarity patches increases from the inner to the
outer penumbra (see also Fig. 13 of Rempel 2012). Both the
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Fig. 25. Schematic view of the vertical structure of the magnetic
field in penumbral filaments following Zakharov et al. (2008).
Depicted is a plane perpendicular to the filament. The filament is
represented by the semi-circular area. Crosses in circular white
areas indicate the direction of the magnetic field in the penum-
bral filament, which is perpendicular to the plane of the drawing.
Arrows in yellow indicate the overturning convection within the
filament and red arrows depict the field reversal at the edges of
the filaments, which is caused by the convective flow through
advection of the filament’s field. Only the projected component
of the field, which is directed mainly into the page even for the
red arrows, is plotted. The background magnetic field (spines) is
indicated by nearly vertical black arrows. Dashed lines show dif-
ferent log τ levels. Lighter and darker shades of blue correspond
to weaker and stronger B, respectively.
MHD simulation and the SOT/SP observations reveals the pres-
ence of opposite polarity patches even in the higher part of the
atmosphere, i.e., up to log τ = −2.3. The distribution of opposite
polarity patches in the penumbra observed with SOT/SP is quali-
tatively consistent with that of the MHD simulation (see Fig. 23
and Fig. 24), although there is a quantitative difference in the flux
associated with opposite polarity patches in the SOT/SP obser-
vations and the MHD simulation. In the upper layers opposite
polarity patches are restricted to the middle and outer penumbra
both in the SOT/SP observations and the MHD simulation. These
opposite polarity patches are of two kinds: narrower and elon-
gated lanes of opposite polarity at the edges of the inner part of
penumbral filaments (see Fig. 25) at the locations of downflow
lanes which are the lateral components of overturning convec-
tion (Scharmer et al. 2012; Tiwari et al. 2013). Patches found
at the tails of the penumbral filaments are bigger in size (Franz
& Schlichenmaier 2013; Ruiz Cobo & Asensio Ramos 2013;
Scharmer et al. 2012; Tiwari et al. 2013; van Noort et al. 2013)
and are associated with downflows at the tails.
Our experiment, estimating (∆B/∆ log τ)0.0,−2.3 from the de-
graded spatial resolution (1.′′0) MHD simulation shows that at
this resolution opposite polarity patches disappear almost com-
pletely. At the same time a significant increase in the number of
pixels with negative (∆B/∆ log τ)0.0,−2.3 occurs in the penumbra.
This behavior reverses in the umbra where in the native resolution
∼ 30% of the pixels have negative (∆B/∆ log τ)0.0,−2.3 which dis-
appear completely in the degraded resolution data. As discussed
above, we have found more flux with opposite polarity in the
lower layers compared to upper layers, thus lower spatial resolu-
tion causes more cancellation in the polarized signal from deeper
layers and produces negative (∆B/∆ log τ)0.0,−2.3.
As far as the SOT/SP observations are concerned, a signifi-
cant amount of flux is associated with opposite polarity patches.
But it is still possible that narrow elongated opposite polarity
lanes at the edges of the penumbral filaments are not completely
resolved. In this case it is possible that some fraction of the nega-
tive gradient originates from unresolved opposite polarity patches.
However, the radial distribution of opposite polarity patches and
number of pixels with negative values of (∆B/∆ log τ)0.0,−2.3 are
rather different. This suggests that the main cause of the observed
negative (∆B/∆ log τ)0.0,−2.3 in the azimuthal averages are the
highly corrugated iso-τ surfaces.
The presence of a magnetic canopy outside the visible bound-
ary of the sunspot (Solanki et al. 1992; Lites et al. 1993; Solanki
et al. 1994; Adams et al. 1994; Skumanich et al. 1994; Keppens
& Martinez Pillet 1996; Rueedi et al. 1998; Solanki et al. 1999),
with the canopy base rising with distance from the sunspot, can be
concluded from the SOT/SP observations. This is also consistent
with the results from the MHD simulation and in line with the
results of Tiwari et al. (2015). The vertical gradient of B turns
out to be a useful quantity for identifying or detecting magnetic
canopies.
An important result of this study is that on large scales the
magnetic canopy only exists at and outside the visible boundary
of the sunspot (r/Rspot > 0.9). We do not see a canopy structure
in the middle penumbra caused by the expansion of field from
the umbra or the inner penumbra as reported by Westendorp
Plaza et al. (2001) and Borrero & Ichimoto (2011). Instead, we
found local patches in the penumbra where the magnetic field
strength decreases with optical depth caused by the stronger
field in the spines closing above the filaments (see Fig. 25). The
corrugation effect of the τ surfaces leads to negative (∆B/∆ log τ)
in the inner penumbra in the lower atmosphere in the azimuthal
average. In addition to the corrugation of the τ surfaces, the effect
of unresolved, deep-lying opposite polarity patches can also lead
to negative (∆B/∆ log τ) patches in the penumbra.
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